Protein glycosylation is widespread in prokaryotes, with more than 70 bacterial glycoproteins reported so far (38) . Most of these are surface or secreted proteins that affect how bacteria interact with their environment, for instance, by influencing cell-cell interactions, surface adhesion, or evasion of immune response (34, 38) .
In several bacterial species, complex O-and N-glycosylation pathways are encoded by multiple genes clustered in "glycosylation islands" (38, 39) . In other cases, highly specific single glycosyltransferases are responsible for the modification of target proteins (2, 20, 35) . However, in most cases the exact mechanism of glycosylation remains to be elucidated. How glycosylation exerts its role is also unclear. The addition of sugar moieties can define (9, 18) or mask (21, 31) interaction sites. Carbohydrates have also been shown to influence the stability (7) and protease sensitivity (14) of individual proteins or macromolecular assembly of several polypeptides (21, 33) .
Only a few glycoproteins have been identified in Escherichia coli. Among them are the adhesin involved in diffuse adherence (AIDA-I) (2), the TibA adhesion-invasion protein of enterotoxigenic E. coli (20) , and the autoaggregation factor antigen 43 (Ag43) (35) . Specific glycosyltransferases of AIDA-I and TibA have been identified, but, by contrast, no Ag43-specific glycosyltransferases are known, and Ag43 glycosylation was performed heterologously with the AIDA-I or TibA-specific enzymes. These glycoproteins present several similarities: all three (i) are secreted as autotransporters, which represent a branch of the type V secretion pathway; (ii) have nearly identical N-terminal 19-amino-acid repeats; (iii) are glycosylated by the addition of heptoses mediated by single glycosyltransferases that are functionally interchangeable; and (iv) are versatile virulence factors mediating bacterial autoaggregation and biofilm formation as well as adhesion to and invasion of mammalian cells. Because of these similarities, AIDA-I, TibA, and Ag43 have been named self-associating autotransporters (SAAT) (17) .
AIDA-I was originally identified as a plasmid-encoded protein able to confer a pattern of diffuse adherence on the surface of cultured epithelial cells (1) . It is associated with a high percentage of the pathogenic E. coli strains involved in neonatal and postweaning diarrhea in piglets, which causes major economic losses in farms worldwide (10, 11, 22, 26, 27) . AIDA-I is synthesized as a 132-kDa preproprotein (37) . A cleavable N-terminal signal sequence of 49 amino acids allows secretion across the inner membrane via the general sec secretion machinery. After crossing the periplasm, the proprotein is inserted in the outer membrane and is cleaved, probably by an autocatalytic mechanism (3, 37) . The cleavage separates an N-terminal extracellular fragment, the mature AIDA-I adhesin, from a C-terminal membrane-embedded fragment, AIDAc. Despite the cleavage, the mature adhesin and AIDAc remain strongly associated at the bacterial surface (3, 37) .
The autotransporter adhesin heptosyltransferase (Aah) is responsible for the glycosylation of AIDA-I with heptoses. Aah uses precursors recruited from the lipopolysaccharide biosyn-thetic pathway, but the modified residues have not been identified (2) . The glycosylation of AIDA-I has been shown to be essential for adhesion, since deletion of the aah gene abolishes adherence to cultured epithelial cells, but dispensable for autoaggregation and biofilm formation (2, 36) . These observations suggested that heptose residues are involved in the interaction between AIDA-I and a receptor on the surface of epithelial cells. There is, however, no formal proof for this hypothesis, and glycosylation could also affect the conformation or the stability of the protein. It has been shown, for instance, that glycosylation is required for the stability of the HMW1 adhesin of Haemophilus influenzae and its tethering to the bacterial surface (7) .
In the present study, we characterized the glycosylation of AIDA-I. We used mass spectrometry (MS) and N-terminal sequencing of AIDA-I peptides to show that the heptoses are O-linked to the 15 serine and 1 threonine residues. We also show that glycosylation provides increased resistance to degradation and does not alter the binding efficiency of purified mature AIDA-I. Our results therefore strongly suggest that glycosylation is mainly necessary for the stability of the protein at the cell surface rather than being required to engage a cellular receptor.
MATERIALS AND METHODS
Bacterial strains and plasmids. The Escherichia coli K12 strain C600 (thr-1 leuB6 thi-1 lacY1 supE44 rfbD1 fhuA21; obtained from New England Biolabs) and the pathogenic strain 2787 (1) were used in this study. Plasmid pAg containing the whole aidA operon (aah and aidA) under the control of ptrc, a promoter inducible with isopropyl-␤-D-thiogalactopyranoside (IPTG), has been described before (3) . pAg allows the expression of glycosylated AIDA-I. Plasmid pAgH, also previously described (3), is derived from pAg and allows expression of glycosylated AIDA-I tagged at the N terminus of the proprotein with six histidine amino acids and a glycine (HisG). To construct plasmid pAng, which allows the expression of nonglycosylated AIDA-I, we amplified by PCR the aidA gene from E. coli strain 2787 by use of primers introducing NcoI and XbaI restriction sites. The resulting fragment was cloned in the vector pTRC99a (Pharmacia Biotech), resulting in plasmid pAng, which bears the aidA gene alone under the control of the ptrc promoter. Plasmid pAngH, allowing the expression of the HisG-tagged AIDA-I, was obtained by introducing an oligonucleotide coding for the HisG tag in the pAng plasmid by site-directed mutagenesis using mutagenic primers, as described previously for pAg (3) . To construct the plasmid pAah, we subcloned the aah gene with its ptrc promoter from the pTRC-Aah plasmid described before (3a) into the plasmid pACYC184 (Pharmacia Biotech) by use of SphI and EcoRI restriction sites. The pAah plasmid has an origin of replication compatible with those of pAng and pAngH. A plasmid allowing the expression of a fusion between glutathione S-transferase (GST) and mature AIDA (encompassing residues 50 to 847) was constructed by PCR amplification and cloning into the pGex-4T-1 vector (Amersham Biosciences), as described elsewhere (M.-È. Charbonneau and M. Mourez, unpublished data). All constructions were verified by restriction mapping and sequencing.
Bacterial and cell culture growth conditions. Bacteria containing the different plasmids were grown on Luria-Bertani (LB) agar plate or in liquid LB (rich) or M9 (minimal) media containing 100 g ml Ϫ1 of ampicillin and, in addition, 50 g ml Ϫ1 chloramphenicol when the plasmid pAah was used. Bacterial cultures were grown at 30°C and induced overnight with 10 M IPTG when they reached an optical density at 600 nm (OD 600 ) of 0.8 unless indicated otherwise. Strain 2787 was grown on I-medium (1) at 37°C. Hep-2 cells (ATCC CCL-23) were grown at 37°C with 5% CO 2 in Dulbecco's modified Eagle medium (Gibco) containing 10 mM sodium pyruvate (Sigma), bovine growth serum (HyClone), 2.5 g ml Ϫ1 of fungizone, and 100 g ml Ϫ1 of penicillin-streptomycin (Gibco). SDS-PAGE and immunoblotting. Protein-containing samples were diluted in twice-concentrated sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer containing ␤-mercaptoethanol and denatured by heating at 100°C for 10 min. The samples were separated by SDS-PAGE on 10% acrylamide gels. The gels were either stained with Coomassie blue or transferred to polyvinylidene fluoride membranes (Millipore). Immunodetection was performed with an anti-HisG horseradish peroxidase (HRP)-coupled antibody (Invitrogen) diluted 1:5,000 in blocking buffer (5% skim milk, 50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Triton X-100). Immune complexes were revealed using a 3,3Ј,5,5Ј-tetramethylbenzidine solution for membranes (Sigma). For quantitative comparison the membranes were digitally scanned using ImageJ software (National Institutes of Health).
Whole-cell and membrane extract preparations. Overnight cultures from E. coli C600 harboring pTRC99A, pAngH (nonglycosylated AIDA-I), or pAngH plus pAah (glycosylated AIDA-I) normalized to the same OD 600 . To obtain whole-cell extracts, the cultures were normalized and pelleted and the bacteria were resuspended in phosphate-buffered saline (PBS). To obtain membrane fractions, the cultures were lysed and fractionated as described previously (3) .
Heat extraction and purification of mature or whole AIDA-I. Heat extraction was performed as described before (3) . Briefly, overnight cultures of C600 harboring empty vector, pAngH, or pAngH plus pAah were normalized and bacteria were harvested, resuspended in 10 mM sodium phosphate buffer (pH 7), and heated at 60°C for 20 min. The treated samples were centrifuged for 5 min at 12,000 ϫ g to recover the heat extracts. The HisG-tagged mature AIDA-I was purified from heat extracts, and the HisG-tagged whole AIDA-I was purified from solubilized membrane extracts as described before (3) .
Protease accessibility assay. Normalized cultures of strain C600 bearing empty vector, pAngH, or pAngH plus pAah were pelleted and resuspended in PBS in the presence or absence of trypsin (Sigma) or proteinase K (Invitrogen) at a final concentration of 0.3 g ml Ϫ1 or 3 g ml Ϫ1 . After 30 min of incubation on ice, the proteases were neutralized by addition of proteases inhibitor cocktail (Complete Mini; Roche) for 5 min. The samples were pelleted, and whole-cell extracts were obtained as described above.
Purification of the GST fusion proteins. One liter of E. coli BL21 harboring pGex-4T-1 or pGex-AIDA plasmid with or without pAah was grown until an OD of 0.4 was obtained and was induced with 10 M IPTG for 3 h. Bacteria were harvested and resuspended in 40 ml of Tris-buffered saline (50 mM Tris-HCl [pH 8], 150 mM NaCl) containing lysozyme (0.4 mg ml Ϫ1 final concentration) and EDTA (pH 8; 10 mM final concentration) and lysed with a French press and an ultrasonic processor. The soluble fraction was isolated by 30 min of centrifugation at 16,000 ϫ g. The GST and the GST-AIDA fusion proteins were purified using an Ä KTA purifier system with a 5-ml glutathione Sepharose column (Amersham Biosciences) according to the instructions of the manufacturer. The purity of the purified proteins was confirmed by SDS-PAGE and staining with Coomassie blue. Glycan detection was performed using a digoxigenin glycan detection kit (Roche) according to the instructions of the manufacturer.
Cell enzyme-linked immunosorbent assay. Hep-2 cells were grown in 96-well plates and fixed for 15 min with PBS containing final concentrations of 2.5% paraformaldehyde and 0.2% glutaraldehyde. After one wash with PBS, the plate was blocked with PBS-bovine serum albumin (3%) for 2 h at 37°C. Purified proteins (GST, a fusion of GST to mature AIDA-I, or whole AIDA-I) were added to the cells at concentrations between 30 nM and 1 M and incubated overnight at 4°C. After extensive washes with PBS, bound proteins were detected with an anti-GST antibody coupled to HRP diluted 1:10,000 in PBS (Amersham Biosciences) or with a custom polyclonal rabbit anti-AIDA serum (QCB, Hopkinton, MA) and a secondary goat anti-rabbit antibody coupled to HRP. Immune complexes were revealed using a 3,3Ј,5,5Ј-tetramethylbenzidine solution for an enzyme-linked immunosorbent assay (Sigma). Background values were subtracted, and the absorption intensities were normalized by dividing the value of intensity determined for each well by the maximum intensity value measured on the plate. Experiments were conducted in duplicate at least twice. Binding curve and dissociation constant data were obtained by nonlinear regression fitting to a one-binding-site hyperbola by use of Prism 4.0 (GraphPad software).
Functional assays. All assays were performed as described before (3). Briefly, the autoaggregation assay was performed using overnight cultures of C600 harboring empty vector, pAng, or pAg or cultures of strain 2787. All cultures were normalized, vortexed for 10 s, and left at 4°C. The OD 600 was measured at the top of the culture at the beginning of the assay and after 3 h, and pictures were taken after overnight incubation. For biofilm formation, normalized cultures of C600 harboring empty vector, pAng, or pAg were grown without agitation for 24 h at 30°C in minimal medium in 96-well polyvinyl chloride plates (Falcon). Biofilms were stained for 15 min with 1% crystal violet, and the fixed dye was solubilized by the addition of ethanol-acetone (80 :20) . The absorbance of the dye solution was measured at 595 nm. For unknown reasons strain 2787 grows extremely slowly in minimal medium, and AIDA-I expression is minimal in those conditions; the biofilm assay was therefore not performed with this strain. The adhesion assay was performed with Hep-2 cells grown in 24-well plates and inoculated with 10 6 CFU per well of C600 harboring empty vector, pAng, or pAg. Cells were washed with PBS. Bacteria adhering to cells were recovered with 100
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l of 1% Triton X-100 and plated for numbering. Adherence was calculated by dividing the number of adherent bacteria by the number of bacteria found in the inoculum after 3 h of incubation. ␤-Galactosidase reporter assay. The ␤-galactosidase activity of strains SR1458 (30) and SR1364 (25) transformed with an empty vector, plasmid pAng, or plasmid pAg was assessed as described previously (25) , and the results were expressed in Miller units. Statistical comparisons were performed by analysis of variance using Prism 4.0 (GraphPad software).
Mass spectrometry. Glycosylated AIDA-I was purified from heat extracts as described above and run on an SDS-PAGE 10% acrylamide gel. The protein band corresponding to AIDA-I was cut from the gel and destained with watersodium bicarbonate buffer and acetonitrile. The protein was reduced with dithiothreitol and alkylated with iodoacetamide prior to in-gel digestion with trypsin or chymotrypsin. The tryptic peptides were eluted from the gel with acetonitrile containing 0.1% trifluoroacetic acid. The tryptic peptides were then separated on an Agilent Nanopump system using a C18 ZORBAX trap and a SB-C18 ZORBAX 300 reversed-phase column (Agilent Technologies, Inc.) (150 mm by 75 m; 3.5 m particle size). All mass spectra were recorded on a hybrid linear ion trap-triple quadrupole mass spectrometer (Q-Trap; AB Applied Biosystems) equipped with a nanoelectrospray ionization source. The accumulation of MS-MS data was performed with Analyst software, version 1.4 (AB Applied Biosystems). MASCOT software (Matrix Science, London, United Kingdom) was used to create peak lists from MS and MS-MS raw data.
N-terminal sequencing. The mature AIDA-I protein was isolated from an SDS gel stained with Coomassie blue as described above. The band corresponding to mature AIDA-I was cut and transferred in a 1.5 ml screw-cap microcentrifuge tube, reduced, alkylated, and digested with trypsin (Promega sequencing grade) as described previously (12) . The peptides were extracted with 60% acetonitrile-1% trifluoroacetic acid at 60°C and separated using reverse-phase highpressure liquid chromatography, a Vydac microbore C18 column (1 mm internal diameter by 50 mm), and an Applied Biosystems 130A separation system. The peptides were detected by absorbance at 220 nm, and fraction peak data were collected manually. Each fraction was applied to a precycled glass fiber filter treated with trifluoroacetic acid and coated with Biobrene Plus (0.5 mg of Polybrene and 0.03 mg of NaCl). The fractions were subjected to automatic Edman degradation (ED) using a model 494 CLC Procise sequencer and a general protocol (15) . The phenylthiohydantoin amino acid derivatives were analyzed on line using a capillary separation system (Applied Biosystems model 140 D) and a UV detector (Applied Biosystems model 785A) set at 269 nm.
RESULTS

AIDA-I is O-glycosylated.
We purified glycosylated mature AIDA-I (corresponding to amino acids 50 to 847 in the preproprotein) by affinity chromatography from heat extracts of the E. coli strain C600 expressing a histidine-tagged protein as described before (3). After SDS-PAGE, the band corresponding to purified mature glycosylated AIDA-I was digested in the FIG. 1. Localization of heptose modifications. The sequences of the glycosylated peptides identified in this study are underlined on a schematic representation of the preproprotein showing the N-terminal signal sequence required for inner membrane translocation, a region encompassing 35 imperfect 19-amino-acid repeats (gray boxes) and the autoproteolytic cleavage site separating mature AIDA-I from the membrane-embedded AIDAc. The shaded residues correspond to the consensus sequence of the imperfect repeats. Numbering corresponds to the positions of the amino acids in the preproprotein. In several peptides, a heptose residue could be identified on threonine or serine residues. These residues are circled in the sequence.
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gel by trypsin or chymotrypsin and the resulting peptides were submitted to MS-MS with collision-induced dissociation (CID). Some of the parent ions were identified as AIDA-I peptides presenting between one and four incremental additions of 192 Da compared with the theoretical mass of the unsubstituted peptides. This 192-Da addition is consistent with the grafting of a heptose molecule. Thus, we concluded that these peptides were glycosylated. In most cases we could compare the MS spectra of modified and unmodified peptides. With this MS approach, nine peptides were found to be glycosylated with one to four heptose residues whereas five peptides were found not to be glycosylated ( Fig. 1 and Table 1 ). In two instances, there was extensive overlap between two glycosylated peptides; therefore, we in fact identified seven different glycosylated peptides by use of MS. We noted that the glycosylation was heterogeneous, as five out of the nine peptides were found without carbohydrate or with various amounts of heptose residues. When multiple glycosylations were observed, it was not possible to determine whether the observation was the result of multiple sites being glycosylated or the result of a single site being glycosylated by multiple heptose residues. Similarly, we could not ascertain the conformation of the grafted heptose. The glycosylated peptides are found at several different positions in mature AIDA-I but exclusively in a region containing 35 imperfect repeats of a 19-amino-acid sequence (Fig. 1) . In most cases, CID of peptides does not allow the identification of the amino acid residue bearing the carbohydrate since the carbohydrate-polypeptide bond is usually preferentially cleaved compared to the peptide bond. However, in one instance, the CID spectrum of a chymotryptic peptide showed peptide fragment ions still bearing the carbohydrate moiety (data not shown). Analysis of these fragment ions revealed that the threonine at position 154 was modified with one heptose. In a parallel approach, purified tryptic peptides of mature AIDA-I were sequenced by N-terminal ED. Six peptides had the expected sequences of AIDA-I peptides, with a perfect signal for each residue of the peptides. However, for eight other peptides, no signal was observed at positions corresponding to some of the serine residues they comprised ( Table 1) . This suggested that these residues had been modified and thus could not be identified during the degradation cycle. Five of the eight peptides identified as potentially modified corresponded to peptides identified as glycosylated by MS, suggesting that all the peptides identified by ED in this manner were indeed glycosylated. The signal corresponding to the serine residues at positions 577 and 578 was sharply reduced but not absent, suggesting that these residues were heterogeneously modified. This result is in agreement with the heterogeneity observed by MS. Also in agreement with the previous results, the modified peptides identified by ED were located in the 19-amino-acid repeats.
Together, our approaches revealed 10 different glycosylated peptides, and 15 serine and 1 threonine residues were found to be modified. Adding the maximum number of heptoses bound to each of the peptide identified by MS and the number of 
ED
a Glycosylated mature AIDA-I (corresponding to amino acids 50 to 847 in the preproprotein) was processed by digestion with trypsin or chymotrypsin, and the resulting peptides were identified by MS or ED. In MS, glycosylation of a peptide was identified as an excess of mass corresponding to a multiple of 192 Da (the mass of one heptose residue). In ED, glycosylated residues are identified when a signal corresponding to the modified residue is lacking or reduced during a degradation cycle. Two residues (S577, S578) showed an only 80% reduction in signal, suggesting that these residues were not modified in all peptides. The sequences of peptides P1, P3, and P6 could not be completely obtained by ED. Numbering corresponds to the positions of the amino acids in the preproprotein. MS yielded the number of heptose molecules bound per peptide. However, except in one case (T154), MS did not permit to identification of the modified residues. The number of heptoses cannot be determined using ED, but several residues (S102, S111, S116, S242, S252, S334, S391, S409, S540, S546, S559, S570, S577, S578, and S583) were identified as modified. Modified residues are underlined.
b ND, not determined.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ modified serine residues in the peptides identified solely by ED, we estimate that up to 19 heptoses could be present on AIDA-I (Table 1 ). All attempts to obtain the mass of the whole mature AIDA-I by MS were unsuccessful. This was most likely due to the high molecular weight of the protein and the heterogeneity conferred by the glycosylation. Glycosylation influences the abundance of AIDA-I. We compared the abilities of bacteria expressing the glycosylated or the nonglycosylated forms of AIDA-I to autoaggregate, form a biofilm, or adhere to cultured epithelial cells. Glycosylation seems dispensable for autoaggregation and biofilm formation, but the nonglycosylated form of AIDA-I cannot mediate adhesion to Hep-2 cells (Fig. 2) , as previously observed (2, 36) . This observation could have been the result of the fact that unglycosylated AIDA-I is unable to mediate adhesion, that there is not enough unglycosylated AIDA-I present at the bacterial surface to mediate adhesion, or that the conformation of unglycosylated AIDA-I is abnormal and cannot mediate adhesion.
To distinguish between these possibilities, we compared the amounts of the glycosylated and nonglycosylated forms of AIDA-I present at the cell surface. As previously suggested, we observed that antibodies directed against the glycosylated mature adhesin do not efficiently recognize nonglycosylated AIDA-I (2), hindering efforts to compare expression levels. To remedy this situation, we used a plasmid allowing the expression of nonglycosylated AIDA-I with a HisG tag localized at the N terminus of the mature adhesin. In order to express the glycosylated protein, we cotransformed bacteria with this plasmid and a compatible plasmid containing the aah gene. With those constructs, we could prepare whole-cell extracts of normalized overnight cultures expressing glycosylated or unglycosylated forms of the histidine-tagged protein. Proteins of 100 and 132 kDa for glycosylated AIDA-I and 80 and 120 kDa for nonglycosylated AIDA-I were detected with an anti-HisG monoclonal antibody, as is consistent with the presence of the mature protein and the proprotein precursor forms of AIDA-I (Fig. 3A) . We observed that there was dramatically less of the nonglycosylated form of AIDA-I than of the glycosylated form. We observed the same decrease with untagged versions of AIDA-I by separating membrane fractions of bacteria expressing glycosylated or unglycosylated forms of AIDA-I and staining with Coomassie blue (data not shown).
Altered expression levels might be due to the fact that glycosylated AIDA-I is expressed in bacteria bearing two plasmids whereas unglycosylated AIDA-I is expressed in bacteria bearing only one plasmid. To eliminate the possibility that our results were affected by these expression characteristics, we expressed unglycosylated AIDA-I in bacteria bearing one plasmid by engineering a point mutation in the aah gene, resulting in the expression of an inactive glycosyltransferase, as previously observed (24) . As reported above, we observed dramatically less nonglycosylated AIDA-I compared to its glycosylated form in heat extracts (data not shown).
Glycosylation confers partial resistance to proteases. We observed that when the mature unglycosylated and glycosylated adhesins were heat extracted, the glycosylated polypeptide ran as a clear band of approximately 100 kDa, whereas the nonglycosylated protein appeared as a less intense band of approximately 80 kDa along with a degradation profile absent from extracts of bacteria expressing glycosylated AIDA-I (Fig.  3B) . Additionally, the heat-extracted unglycosylated polypeptides were undetectable with antibodies directed against the HisG tag (data not shown). This result suggests that unglycosylated AIDA-I is more sensitive to proteolytic degradation. To determine whether and where unglycosylated AIDA-I is degraded in vivo, we compared the expression levels of glycosylated and unglycosylated AIDA-I in a degP-negative background, but there was no visible effect of the presence of the periplasmic protease DegP on the relative amounts of unglycosylated and glycosylated AIDA-I (data not shown). We also tested whether the outer membrane protease OmpT could have an influence on the levels of AIDA-I, but the presence of that protease also seemed not to have an effect (data not shown). Since AIDA-I autoproteolytically matures itself (3, 37) , it could be that unglycosylated AIDA-I is responsible for its own degradation when it is in an abnormal conformation.
To confirm the hypothesis that unglycosylated AIDA-I is more sensitive to proteolytic degradation, we performed a limited digestion of bacterial surface proteins by use of trypsin, a protease cleaving after lysine and arginine residues. We observed that unglycosylated AIDA-I was degraded at the lowest concentration of trypsin whereas the glycosylated protein was resistant at all concentrations tested (Fig. 4) .
To ensure that this result was not specific for trypsin, which could simply indicate that most trypsin cleavage sites are protected by the heptoses, we performed the same assay with various concentrations of proteinase K, a protease cleaving after hydrophobic residues. Consistent with our previous results, we observed that the unglycosylated protein was completely degraded at the lowest concentration of proteinase K used (Fig. 4) . To further exclude artifacts whose presence might have been due to the use of histidine-tagged proteins, we performed the same assays with untagged proteins revealed by Coomassie blue staining. As described above, in these experiments, the unglycosylated protein was completely degraded by 0.3 g/ml Ϫ1 of proteinase K whereas the glycosylated protein was resistant (data not shown).
The unglycosylated form of AIDA-I induces an extracytoplasmic stress. The sensitivity of unglycosylated AIDA-I to proteolytic degradation suggests that it is in an abnormal conformation. Polypeptides with abnormal conformation are usually sensed by specialized stress-sensing systems, which in turn induce the production of folding catalysts and proteolytic enzymes to alleviate the problem (23) . We therefore tested whether unglycosylated AIDA-I can induce a stress response. We used two reporter strains: strain SR1458, which bears the ␤-galactosidase lacZ gene under the control of the degP promoter (30) , and strain SR1364, a strain bearing the lacZ gene under the control of the rpoH promoter (25) . The former is induced by an extracytoplasmic stress and the latter by a cytoplasmic stress. The strains were transformed with the plasmids bearing the aah-aidA operon or the aidA gene alone or with a control empty plasmid (Fig. 5) . We observed that glycosylated and unglycosylated AIDA-I did not induce any cytoplasmic stress (Fig. 5A) . The ␤-galactosidase activity indicated, however, that unglycosylated AIDA-I caused a dramatic extracytoplasmic stress response (Fig. 5B) . Note that SR1458 is only a reporter strain and that the induction of the degP promoter does not prove that unglycosylated AIDA-I is degraded by the periplasmic DegP protease. Indeed, as described above, we have observed that DegP does not seem to be involved in the degradation of unglycosylated AIDA-I. Note also that these results were obtained in a context of overexpression; we do not know whether a similar stress response would be induced in an aah mutant of the wild-type strain 2787. Nevertheless, the induction of the stress response upon overexpression is consistent with the enhanced sensitivity to proteolytic degradation and suggests that unglycosylated AIDA-I adopts an abnormal conformation. Glycosylation is not required for the binding of a domain of AIDA-I to cultured epithelial cells. We decided to test directly the role of glycosylation in the binding of AIDA-I to epithelial cells by comparing the binding characteristics of glycosylated and unglycosylated AIDA-I. Whereas we can purify whole glycosylated AIDA-I by solubilizing outer membrane extracts (3), we are unable to purify unglycosylated AIDA-I because it is unstable and degraded. We therefore purified a fusion of mature AIDA-I (corresponding to amino acids 50 to 847) to GST, unglycosylated or glycosylated as a result of coexpression in the presence of Aah. The presence or absence of glycosylation of the GST-AIDA was ascertained using a glycan detection kit (data not shown). Glycosylated GST-AIDA bound specifically to cultured epithelial cells in a saturable manner (Fig. 6) . The equilibrium dissociation constant was calculated to be approximately 45 nM. By comparison, we observed that whole glycosylated AIDA-I could bind to cells with a dissociation constant of 4 nM, in close agreement with a previous estimate (19) . In a structure-function study we have observed that the N terminus of AIDA-I harbors a cell-binding domain (3a) . In this context, when the GST is fused to the N terminus of mature AIDA-I it is likely that it sterically hinders the interaction mediated by the N-terminal cell-binding domain. This might explain the difference between the dissociation constant of our GST fusion protein and that of wild-type AIDA-I. The fusion of mature AIDA to GST, purified in the absence of Aah (and therefore unglycosylated), was also able to result in binding to cultured epithelial cells in a manner similar to that seen with the glycosylated fusion, with an equilibrium dissociation constant calculated at 39 nM. This result suggests that the carbohydrate moieties do not directly participate in the binding to a cellular receptor.
DISCUSSION
In the present study, we identified 10 peptides of AIDA-I bearing heptose residues, and our results suggest that at least up to 19 molecules can be added to AIDA-I, in perfect agreement with a previous evaluation (2) . Recently, five different peptides were found to contain heptoses in Ag43 (35) . Strikingly, in AIDA-I as well as in Ag43, glycosylation appears to be heterogeneous; i.e., most of the glycosylated peptides could be identified in unglycosylated form and/or with various numbers of heptoses. This fact was not initially appreciated when AIDA-I was shown to be glycosylated (2) . The coexistence of modified and unmodified forms of bacterial glycoproteins has previously been reported (31, 41) . In some instances it has been shown that this heterogeneity influences the immunogenicity of the protein (31), but the role, if any, of this heterogeneity in AIDA-I is unclear. The mechanism that results in such heterogeneity is also unknown.
The glycosylated peptides were identified in a region of the protein composed of imperfect 19-amino-acid repeats. The same was true with Ag43 (35) . It was expected that the specificities of the heptosyltransferases acting on these proteins are similar, since the SAAT glycosyltransferases are functionally exchangeable (24, 35) . The role of these repeats is unknown, but it has been postulated that they are involved in the adhesion mediated by these proteins, since it has often been observed that repeated motifs are involved in adhesion. Alternatively, the repeated motifs could provide the backbone for the expected ␤-helical structure of the proteins, itself a repetitive structure.
In addition to what was reported with respect to Ag43, we unambiguously showed that AIDA-I is modified on serine and threonine residues, proving that Aah mediates O-glycosylation. This was expected based on the similarities of the Aah sequence to those of the known E. coli heptosyltransferases involved in lipopolysaccharide biosynthesis (2) . Indeed, these enzymes mediate the transfer of heptose precursors to the hydroxyl group of lipopolysaccharide biosynthetic intermediates (8). We did not identify any glycosylation consensus sequence, but it should be noted that no consensus sequence for O-glycosylation has been established for either eukaryotes or prokaryotes (29, 34, 38, 40) . Consequently, the specificity of the Aah glycosyltransferases remains elusive: how does Aah recognize its SAAT substrates, and why does it transfer heptoses in the 19-amino-acid imperfect repeats? It is possible that this region adopts a specific structure that is recognized by the enzyme, but this would contradict the idea that glycosylation occurs in the cytoplasm prior to transport across the inner membrane via the sec machinery, which requires exported polypeptides to be unfolded. Alternatively, the enzyme might recognize a part of the repeated consensus sequence itself. Specificity of O-glycosylation for amino acid sequences has been proposed before, as in the case of proline-rich domains of glycoproteins from Mycobacterium tuberculosis (4) and Clostridium thermocellum (6) .
Important biological functions can be affected by glycosylation, such as maintenance of protein conformation, resistance against proteases, and modulation of intermolecular interactions (2, 38) . Our results confirmed that glycosylation of AIDA-I is essential for adhesion (2) but not for autoaggregation or biofilm formation (36) . Based on these results, it was suggested that the glycans could be involved in receptor recognition. Carbohydrates from glycoproteins have indeed been shown in some cases to mediate the interaction with the host cell receptor, as for the major outer membrane protein of Chlamydia trachomatis (18) . All our observations, however, suggest that glycosylation is required for AIDA-I to adopt a normal conformation, which in turn would be responsible for the lack of adhesion. Indeed, we observed that unglycosylated AIDA-I is expressed to a lesser degree and is more sensitive to degradation but that purified mature AIDA-I could specifically bind to cultured epithelial cells even when unglycosylated. There are other examples of bacterial proteins being protected against degradation by glycosylation (14), and the conformation and protease sensitivities of polypeptides have often been shown to be altered by glycosylation (5, 16) . The H. influenzae HMW1 adhesin, for instance, is stabilized by glycosylation (7). Unglycosylated HMW1 was prematurely degraded in the cytoplasm and periplasm, and its tethering to the bacterial surface was compromised. Interestingly, HMW1 and SAAT are both secreted by the type V secretion pathway (13) , raising the possibility that glycosylation might also exert its role in the context of the secretion of some substrates of this pathway. Such a role could be to prevent premature periplasmic folding, since it was shown that such folding can be incompatible with Pure GST (diamonds) and pure whole AIDA-I (crosses) were used as controls. Bound proteins were revealed with an anti-GST antiserum directly coupled to HRP or an anti-AIDA-I serum and a secondary antibody coupled to HRP. Background values were subtracted, and the absorption was normalized by dividing the absorption of each well by the maximal absorption measured on the plate in order to obtain percentages of maximal binding.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ secretion (32), or to promote extracellular folding, a process which has been proposed to drive secretion (28) . Two observations seem to be at odds with the notion that unglycosylated AIDA-I is in an abnormal conformation. First, Ag43 is usually not glycosylated and there is no indication that it is unstable or that glycosylation increases its stability. Despite their similarities, Ag43 and AIDA-I might have subtle structural differences that make glycosylation more important for AIDA-I, and it should be noted that the latter seems to be more glycosylated than Ag43. Second, it is surprising that glycosylation is dispensable for autoaggregation. One possible explanation is that the domains of the protein involved in autoaggregation do not require the folding and/or the stability provided by glycosylation. The unglycosylated protein could also be degraded into an intermediate that still bears an autoaggregation domain.
Many uncertainties remain about the glycosylation of AIDA-I. The mechanism of glycosylation itself needs to be investigated in order to understand the specificity of Aah toward its substrates and, more precisely, toward specific sites in the latter. How glycosylation affects the conformation of AIDA-I and why glycosylation is not necessary for autoaggregation are also unclear. Further characterization of the glycosylation of AIDA-I, as well as that of other SAAT, is warranted to tackle these puzzling questions.
